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Estuaries, residing at the interface of freshwater
systems and oceans, are attractive habitats for human
populations. Human activities impact estuarine eco-
systems in a variety of ways, including anthropogenic
nutrient loading from agriculture, sewage treatment,
and fossil fuel emissions. A consequence of anthro-
pogenic nutrient delivery to estuaries is increased
 hypoxic conditions, something that has been docu-
mented as growing in severity in estuaries worldwide
(Bricker et al. 2008, Diaz & Rosenberg 2008, Kemp et
al. 2009, Rabalais et al. 2010, Howarth et al. 2011).
Narragansett Bay, a temperate estuarine system
 located at 41.59° N, 71.38°W in Rhode Island, USA, is
not exempt from these impacts, and the shallow
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ABSTRACT: Bacteria that carry out many processes of the nitrogen cycle inhabit estuarine sedi-
ments. Denitrification is known to be a dominant process causing estuarine sediments to behave
as net nitrogen sinks. However, measurements of nitrogen fluxes in the sediments of Narragansett
Bay, Rhode Island, USA, have at times revealed high rates of net nitrogen (N2) fixation. Whereas
changes in primary production, in magnitude and phenology, within Narragansett Bay have been
identified as possible causes for these changes in nitrogen cycling within the benthos, a factor that
has not been examined thus far is seasonal hypoxia. Since anaerobic diazotrophs figure so promi-
nently within the sediments of Narragansett Bay, we hypothesized that dissolved oxygen concen-
trations in the bottom waters affect their activity. In order to explore this relationship, we meas-
ured the activity of diazotrophs in the surface sediments of 3 study areas during the summers of
2013 and 2014 using the acetylene reduction assay. We explored the effects of several water
 quality parameters on nitrogenase activity including, among others, dissolved oxygen and chloro-
phyll concentrations. Our measurements of nitrogenase activity were generally low, ranging
between 2 and 5 nmol ethylene g−1 d−1 but spiked to 16 nmol ethylene g−1 d−1 at an area experi-
encing severe hypoxia in July 2013. Our data suggest that diazotrophy in estuarine sediments is
enhanced when the benthos experiences very low dissolved oxygen in conjunction with recent
influxes of autochthonous organic matter. Experiments with sediment core incubations conducted
in the laboratory support our hypothesis that low dissolved oxygen and organic matter additions
promote N2 fixation.
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upper bay proximal to the largest population densities
experiences seasonal hypoxia during summer months
(Deacutis 2008, Saarman et al. 2008, Codiga et al.
2009). Hypoxic conditions occur at depth when dis-
solved oxygen is depleted faster (by bacterial respira-
tion) than it can be replenished. These conditions are
typically established when water temperatures are
high and surface waters are stratified leading to high
rates of biological activity and elevated primary pro-
duction in the surface water. The elevated surface
production is heightened due to temporal inputs of
nutrient-laden freshwater and ultimately feeds or-
ganic matter to the benthos. Greatest hypoxic expres-
sion is found in the upper third of the estuary, where
the major rivers enter and the major wastewater ef-
fluents discharge. These conditions generate a clear
gradient of chlorophyll, surface salinity, and hypoxia
in Narragansett Bay (Oviatt et al. 2017).
Estuaries, particularly those that are anthropo -
genically impacted, have high primary production
(Cloern et al. 2014). The resultant organic matter is
rapidly deposited to the bottom sediments due to shal-
low water depths (Nixon et al. 1995). This sedimentary
organic matter delivery fuels a range of biogeochemi-
cal processes that both remove and return nutrients to
the water column, notably nitrogen (N) (Herbert
1999). In an aerobic estuary, oxygenated bottom
water overlays anoxic sediment creating a redox gra-
dient. Within the sediment, the oxidation of organic
matter produces dissolved inorganic N (DIN) as am-
monium (NH4+) and consumes oxygen (O2). Once O2
is exhausted in the sediments, nitrate (NO3−) is con-
sumed and NH4+ continues to be released to sedimen-
tary pore fluids (Burdige 2006). In aerobic zones
within shallow sediment, nitrifying bacteria oxidize
NH4+ to nitrite then NO3−. Denitrifying bacteria living
in adjacent anoxic zones respire NO3− and remove N
from the system as dinitrogen gas. This nitrification−
denitrification pairing decreases the re turn flux of N
to the water column and serves as a net N removal
process for the estuary. When hypoxia is established
and bottom water dissolved oxygen (DO) vanishes,
 nitrification is inhibited and denitrification is reduced
or suppressed (Joye & Hollibaugh 1995, Cornwell et
al. 1999, Howarth et al. 2011). Thus, hypoxia can exert
strong control on benthic N cycling and can reduce
net N removed via denitrification. For Narragansett
Bay, denitrification has been estimated to be 13−26%
of the N entering the bay (Nixon et al. 1995).
In addition to seasonal hypoxia altering N cycling
in estuaries due to a decline in estuarine denitrifica-
tion, shifts in other N cycling processes have been
documented. There are increasing reports of N in -
puts to estuarine sediments from sedimentary N fixa-
tion (Bertics et al. 2013, Fan et al. 2015). Initially
reported for Narragansett Bay sediments in 2006
(Fulweiler et al. 2007), inputs of N from N fixation
measured by N2:Ar flux methods greatly exceeded
prior measurements of benthic N fixation from Nar-
ragansett Bay and similar systems (Howarth et al.
1988, Herbert 1999). Our previous studies, targeting
the microbes actively expressing the genetic machin-
ery for N fixation in Narragansett Bay sediments in
2006 and subsequent years, revealed that the major
contributors to this process were 2 groups of anaer-
obes belonging to Desulfovibrionaceae and Geobac-
teraceae (Fulweiler et al. 2013, Brown & Jenkins
2014). Anaerobic bacteria have also been identified
as important N fixers in other estuarine systems
(Bertics et al. 2013, Bentzon-Tilia et al. 2015, Fan et
al. 2015, Newell et al. 2016, Thajudeen et al. 2017).
Given the combined observations that anaerobic
bacteria are the active diazotrophs in Narragansett
Bay sediments and that the highest sedimentary N
fixation rates reported to date were for a year in
which Narragansett Bay was marked by severe hy -
poxia (Codiga et al. 2009), we hypothesized that hy-
poxic events may create an expanded niche for N fix-
ation mediated by anaerobic bacteria. We tested this
hypothesis using a multifaceted approach. We con-
ducted time-series measurements of N fixation using
the acetylene reduction assay (ARA) at multiple sites
in Narragansett Bay during 2 sequential summer sea-
sons (2013 and 2014). We used statistical modeling to
examine the potential influences of water column
characteristics including magnitude and duration of
chlorophyll fluorescence and dissolved oxygen on N
fixation rates. In addition, we conducted small-scale
incubation experiments with Narragansett Bay sedi-
ments to test the role of organic matter deposition,
and duration of oxic and hypoxic periods on modulat-
ing rates of N fixation. These experiments address
the environmental controls that may stimulate N fixa-
tion in estuarine sediments and help us predict when
conditions are ripe for diazotrophs to introduce addi-
tional N into Narragansett Bay sediments.
2.  MATERIALS AND METHODS
2.1.  Sample collection and preparation
Sediments cores were collected at 5 sites in Narra-
gansett Bay (see Fig. 1). Average bottom depths were
as follows: Greenwich Cove (GC): 3.0 m; Sally Rock
(SR): 4.4 m; Bullock Reach (BR): 8.1 m; Quonset Point
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(QP): 7.3 m; and Mount View (MV): 8.1 m. Cores
were collected in duplicate or triplicate in 2013 and
triplicate in 2014 as indicated in Table S1 in the
 Supplement at www. int- res. com/ articles/ suppl/ m614
p035 _ supp. pdf. Large sediment cores (10 cm dia -
meter, 30.5 cm depth) were collected by SCUBA
 di vers on 31 May 2013, and 5 and 6 August 2013.
Sediment collected on all other days in 2013 and
2014 were collected with a Van Veen grab sampler
from a vessel. Sediment in the grab sampler was sub-
sampled with smaller core tubes (7 cm diameter, 7 cm
depth). For cores of either size, the captured sedi-
ment was immediately overlain with bottom water
collected on site with a Niskin bottle. In addition, at
the time of collection, in situ measurements of DO,
chlorophyll (2014 only), temperature, and salinity
were made using a YSI 6920 V2 sonde. Upon collec-
tion, the cores and their matching waters were imme-
diately transported on ice in a cooler to the laboratory
where they were processed.
In 2013, sediments from 2 layers were sampled as
indicated in Table S1: a top layer from 0−0.5 cm
below the surface, and a bottom layer from 0.5−2 cm.
In 2014, the top 3 cm of the core was sampled since
the top and bottom layers gave similar nitrogenase
activity (NA) results in 2013. Sediment from the
depth horizons was sampled by pushing sediment
from the bottom of the core sleeve and slicing off the
top at the appropriate depth. Each layer was gently
mixed to homogenize the samples over the core
width. Some of the mixed sediment from layers sam-
pled was used for the measurement of NA, and some
was used for determination of pore water NH4+ con-
centrations. For the NA measurement, 4 ml of sedi-
ment slurry from a given layer was collected using a
5 ml syringe with the tip cut off and placed in an
anaerobic culture tube (Chemglass CLS 4209); 10 ml
of bottom water from the corresponding site was then
added, and the headspace of the tube was flushed
with pure N2 gas before capping with septa and alu-
minum crimp tops. For pore water NH4+ determina-
tion, mixed sediment was placed in 50 ml conical
tubes and centrifuged at 4000 rpm for 5 min. For fur-
ther clarification, pore water was collected, placed in
a second 15 ml conical tube and centrifuged at
4000 rpm for 5 min. Supernatants from this second
spin were used for pore water NH4+ determination.
2.2.  Small-scale incubations
To complement our field observations, a limited set
of laboratory incubations were conducted. On 2 sam-
pling cruises, 3 sediment cores (7 cm diameter, 7 cm
depth) were collected from each of 2 sites (GC and
QP), and stored at 4°C until use. Six cores collected
on 21 August 2014 were used for an incubation ex -
periment started on 30 September 2014; and 6 cores
collected on 26 September 2014 were used on 5
November 2014. Both incubation experiments were
conducted as follows. To one core from each site,
0.25 g of agar (Sigma A1296) was added. To another
core, 0.25 g of phytoplankton (ESV spray-dried mar-
ine phytoplankton) was added. To the remaining
core, nothing was added. Organic matter was added
to the appropriate cores by homogenously spreading
the powdered material over the core and gently
working the material into the top 1−2 mm of surface
sediment using a spatula. The cores were then incu-
bated for 7 d in the dark at room temperature (22°C)
under approximately 3 cm of 0.2 µm filtered Narra-
gansett Bay water and open-air condition. The cores
remained in this ‘oxic’ state for a total of 7 d. At spe-
cific times throughout the oxic period (Days 1, 3, 5,
and 7), 2 ml plugs of sediment were collected from
the cores using a 5 ml syringe with a cut-off tip
(reaching sediment to a depth of 3 cm) and placed in
Hungate tubes (Chemglass CLS 4208). A total of 3 ml
of the overlying water was then added to each tube
be fore they were flushed with pure N2 gas and
capped. Some of these tubes were analyzed for NA
right away using the methods described below; oth-
ers were incubated at room temperature with the
sediment subjected to the ‘anoxic’ conditions created
within the Hungate tubes for time periods of 1 to 3 d
before NA was measured. These oxic−anoxic incuba-
tions were designed to replicate patterns that occur
in Narragansett Bay where oxic conditions in the
benthos are followed by hypoxic conditions. The
spray-dried phytoplankton and agar were added to
simulate the influx of primary production biomass to
the benthos.
2.3.  Pore water NH4+
Pore water NH4+ was determined according to
 Ko roleff (1983), except for a proportional reduction
of the volumes of the necessary reagents so that a
smaller sample volume of 500 µl could be used and
the reactions incubated in 1.5 ml centrifuge tubes.
The reactions were allowed to develop for 30 min at
37°C followed by 30 min at room temperature, after
which 250 µl of the reaction volume was transferred
to a 96-well assay plate (Costar 3631); absorbance
was measured at 630 nm using a SpectraMax M5
37
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multimode plate reader. Calibration standards were
prepared with ammonium chloride in 0.2 µm filtered
surface water from Narragansett Bay (Salinity ≈ 30−
31‰). This water is essentially free of NH4+ and con-
sists of a nutrient matrix otherwise similar to the pore
water samples. Pore water samples were also pre-
diluted (1:5) with this surface water to reduce arte-
facts due to hydrogen sulfide and bring NH4+ con -
centrations within the linear range of the assay (0−
100 µM). Re sults are reported in Table S1.
2.4.  NA measurement by the ARA
N fixation within the sediment samples was meas-
ured using the ARA according to Capone (1993).
Acetylene was generated in-house by reacting cal-
cium carbide with water, and was collected in a
Supel-Inert film gas sampling 1 l bag. Acetylene was
added to the flushed tubes containing the sediment
to a final concentration of 20% of the total head-
space. Following the addition of the acetylene, the
content of the tube was fully mixed. The tubes were
mixed again every time a gas sample was taken for
analysis but were otherwise left undisturbed at 22°C
in the dark. Gas samples of 100 µl were taken from
the tube headspace with a gas-tight syringe and
immediately injected into the Shimadzu 8A gas chro-
matograph. The column used was stainless steel,
2.5 m long with Haysep T packing 80/100 mesh.
Injector and column temperatures were 130 and
100°C, respectively. Gas samples were collected and
ethylene concentrations usually measured 0.5, 3, 20,
and 24 h after acetylene was added. Rates of acety-
lene reduction are reported as ethylene production
over time normalized by the weight of the sediment
(wet) contained in the tubes in units of nmol C2H4 g−1
d−1. Several controls were tested over the course of
the study including sediment tubes with no acetylene
added (to rule out ethylene production from sources
other than active nitrogenase), tubes spiked with
approximately 100 ppm ethylene but no acetylene (to
rule out significant ethylene consumption), and tubes
autoclaved prior to acetylene addition (to rule out
significant abiotic production of ethylene). In all
cases, the controls behaved as expected. Results are
reported in Table S1.
2.5.  Water quality data and correlation with NA
Relationships between NA and several environ-
mental predictor variables including bottom water
DO, surface water chlorophyll, and bottom water
temperature were explored by model fitting. Water
quality data from the Narragansett Bay Fixed-Site
Monitoring Network (NBFSMN), a multi-agency pro-
gram led by the Rhode Island Department of Envi-
ronmental Management Office of Water Re sources,
were downloaded from www. dem. ri. gov/programs/
emergency response/ bart/netdata.php for the years
2009 to 2012 (NBFSMN 2009, 2010, 2011, 2012) and
obtained from the RI DEM program contact for 2013
and 2014 (H. Stoffel pers. comm.). At these fixed
sites, measurements of salinity, temperature, chloro-
phyll, and DO concentrations at the surface (approx-
imately 1 m from the surface) and in the bottom
waters (approximately 0.5 m from the sediment) are
collected every 15 min from May through October.
For the purpose of this work, the fixed-site data were
averaged over different time scales to explore short-
term and long-term effects of the environmental con-
ditions considered on the measured NA. Linear and
quadratic relationships of NA with a single or multi-
ple predictors were examined. Statistical significance
of the regression coefficients was tested using stan-
dard t-tests. Goodness of fit was measured with R2
and adjusted R2. The models were also compared
according to fit and parsimony using the standard
Bayesian Information Criterion (BIC).
3.  RESULTS
Sediments were sampled in 2013 and 2014 from 3
areas within Narragansett Bay (Fig. 1): one site in the
Providence River estuary (BR), 2 sites in Greenwich
Bay (GC and SR), and 2 sites in the middle of the
upper west passage (MV and QP). Water quality of
these 3 areas is monitored by the NBFSMN. The Pro -
vidence River estuary and Greenwich Bay are partic-
ularly prone to seasonal hypoxia in July and August.
Greenwich Bay was the site of a large fish kill in 2003,
which was later attributed to severe hypoxia (RIDEM
2003). The west passage area (including MV and QP),
by contrast, does not experience severe hypoxia in
most years. The sediment surface in all 3 areas is free
of macrophytic vegetation. Sites in Greenwich Bay
and in the Providence River estuary display obvious
signs of sulfate reduction (very dark sediment, H2S
outgassing during sampling). The mid-Bay sites are
noticeably less active in terms of sulfate reduction.
The sediment at the MV site is rich in shell ash.
The years 2013 and 2014 differed markedly with
regards to seasonal hypoxia. Greenwich Bay experi-
enced a severe hypoxic period in 2013 (Fig. 2a). Bot-
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tom water DO at the fixed monitoring site SR began
rapidly declining on 24 June 2013, reaching hypoxic
levels by 28 June that persisted until 23 July (Fig. 2a).
A particularly severe stretch of low DO of less than
1 mg l−1 was observed between 7 and 17 July
(Fig. 2a). By contrast, in 2014, hypoxic events were
limited at SR with only occasional drops in DO below
2 mg l−1 (Fig. 2a).
3.1.  Sediment NA activity occurs with 
low bottom water DO
The relationship between NA, as measured by ace -
tylene reduction, and bottom water DO was exam-
ined at all sites sampled (Fig. 2b). In general, a trend
was seen in 2013 of increasing NA with decreasing
DO, a trend largely driven by DO less than 2 mg l−1
(Fig. 2b) The highest recorded NA in 2013 (top sedi-
ment = 16 ± 1 nmol ethylene g−1 d−1; bottom sediment
= 12 ± 3 nmol ethylene g−1 d−1) was seen at GC at the
end of the severe hypoxic period on 19 July, when
DO in Greenwich Bay approached 0 mg l−1 (Fig. 2a,b).
NA was also elevated in sediment sampled at GC on
30 July, which had the second lowest in situ bottom
water DO in 2013 (Fig. 2a,b). In contrast, in 2014, a
year when bottom water DO reached no lower than
1.7 mg l−1, little variation was observed in NA (be -
39
Fig. 1. Narragansett Bay, Rhode Island, showing sites at
which sediment sampling occurred: Bullock Reach (BR),
Sally Rock (SR), Greenwich Cove (GC), Mount View (MV),
and Quonset Point (QP). All sites except GC are locations of
Narragansett Bay Fixed-Site Monitoring Network buoys
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b Fig. 2. Comparison of nitrogenase activity (NA)
and bottom water dissolved oxygen (DO) at sites
in Narragansett Bay , Rhode Island (see Fig. 1 for
all abbreviations). Solid symbols: NA of sediment
0.5−2.0 cm deep in 2013 and 0−3 cm deep in 2014;
open symbols: NA of sediment 0−0.5 cm deep in
2013. Error bars: SD of measured NA among core
replicates. (a) Daily averaged surface water chlo -
ro phyll and bottom water DO at the fixed monitor-
ing site of Sally Rock (SR) and NA of sediment col-
lected from the Greenwich Bay sites Greenwich
Cove (GC) and SR during the summer of 2013
(left) and 2014 (right). (b) NA as a function of in
situ bottom water DO for the 2 sampling years
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tween ~2−4 nmol ethylene g−1 d−1) (Fig. 2a,b). Con-
sistent with our observations in 2013, the highest
measured NA at SR and GC in 2014 took place dur-
ing one of these rare dips in DO at SR on 21 August
(Fig. 2a). Aside from the high NA values observed at
the lowest bottom water DO concentrations in 2013,
the NA values were remarkably similar across all
sites in both years (Fig. 2b). These NA values aver-
aged 4.5 ± 1.6 and 2.3 ± 0.8 nmol ethylene g−1 d−1 in
2013 and 2014, respectively, when excluding data
with in situ DO less than 2.0 mg l−1.
A detailed analysis of hypoxia across Narragansett
Bay for the years 2001−2006 highlighted the impor-
tance of river flows, water column stratification, and
chlorophyll concentrations in the process (Codiga et
al. 2009). Codiga (2012) found stratification to be
most strongly affected by river flows. We also ob -
served a strong correlation between low bottom
water DO, high stratification, high surface water
temperature, and high surface water chlorophyll
concentration in analysis of NBFSMN data from
more recent years (2009−2014; Fig. 3). Bottom water
DO reaches particularly low levels in the upper parts
of the bay at BR and SR when average daily surface
water temperature exceeds 22°C and when average
daily density stratification exceeds 2 g l−1. These
water characteristics are typically associated with
surface water chlorophyll values above 10−15 µg l−1,
which has also been observed previously in Narra-
gansett Bay (Codiga et al. 2009). We also found that
warm and low-salinity surface waters generally sup-
port elevated levels of primary production as repre-
sented by chlorophyll a (chl a) (Figs. S1 & S2 in the
Supplement). The year 2013 was marked by heavy
precipitation early in the summer (first 2 weeks in
June), followed by calm conditions (low wind) and
high air temperatures (late June to late July), which
are all conditions that influence the occurrence of
hypoxia (Fig. S2). In comparison to 2013, 2014 was
marked by moderate precipitation in late spring/
early summer and average daily air temperatures
that did not exceed 28°C (Fig. S2).
3.2.  Low DO and elevated chlorophyll are
 significantly correlated with elevated NA
We also investigated the temporal relationship be -
tween high surface water chlorophyll and occur-
rences of low DO in relation to NA rates. Low bottom
40
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Fig. 3. Bottom water dissolved
oxygen (DO) averaged over a
given day in relation to surface
water temperature, surface wa -
ter chlorophyll, and the density
difference between bottom and
surface waters averaged over
that same day at study sites in
Narragansett Bay, Rhode Island.
(a) Bullock Reach (BR), (b) Sally
Rock (SR), (c) Mount View (MV),
and (d) Quonset Point (QP). Data
include those available at the
given sites spanning mostly the
period of 1 June−31 August for
the years 2009−2014. Data are
plotted in 3-dimensional space
(large dots) and reflected on the
bottom and left  axes (small dots)
to assist visualization in the re-
spective 2-dimensional spaces
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water DO on a given day may result in part from high
surface water chlorophyll in the preceding weeks.
Thus, the elevated NA observed at a time when DO
was extremely low might also link elevated NA to
elevated primary production levels. In fact, we found
that the chlorophyll and DO conditions that prevailed
in Greenwich Bay during peak NA at GC on 19 July
2013 were unique among all the sediment sampling
times tested. The elevated NA observed on 19 July
2013 corresponds to a rare instance of bottom DO
averaging 0.97 mg l−1 and surface chlorophyll aver-
aging 17.3 µg l−1 over the previous week (Fig. 4), con-
ditions not observed at other sampling sites and
times from either year. Correlation analysis of the
2013 NA measurements in relation to bottom water
DO and surface water chlorophyll supports a rela-
tionship between NA, DO, and chlorophyll (Table 1).
Correlation between NA and DO in 2013 was exam-
ined with DO averaged over the same day NA was
measured (Day 0) and over progressively longer peri-
ods of time preceding that day (1 d prior), 2 d prior,
and so on until 13 d prior. The correlation between
NA and DO strengthened as the time period of low
DO increased, reaching a local maximum in R2
around 7 d preceding the NA measurement. Table 1
reports the regression outputs for the considered
environmental parameters averaged over 1 d (Day 0,
current conditions), over 1 wk prior to the NA meas-
urement (Days −6 to 0, the time window where over-
all correlation with DO was highest) and 1 wk prior to
that (Days −13 to −7, a time frame exploring persist-
ent effects over longer time scales). Using these time
frames, we found that both bottom water DO and sur-
face water chlorophyll were good predictors of NA in
2013. Considering DO and chlorophyll as single pre-
dictors, statistically significant relationships (based
on p-values) were found when relating NA to DO at
all time scales (Days 0, −6 to 0, −13 to −7) and to
chlorophyll at the longer time scales (Days 0 to −6
and −7 to −13). DO was negatively and chlorophyll
41
Model relationship 2013 2014
Slope(s) R2 p-value Slope(s) R2 p-value
NA = ƒ (DODay 0) −1.41 0.31 <0.001 −0.12 0.03 0.097
NA = ƒ (DODay –6 to 0) −1.29 0.42 <0.001 0.11 0.01 0.233
NA = ƒ (DODay –13 to –7) −1.22 0.51 <0.001 0.20 0.05 0.024
NA = ƒ (chlDay 0) 0.02 <0.01  0.853 −0.02 0.02 0.245
NA = ƒ (chlDay –6 to 0) 0.40 0.29 <0.001 −0.02 0.02 0.176
NA = ƒ (chlDay –13 to -7) 0.42 0.45 <0.001 −0.01 <0.01 0.366
NA = ƒ (DODay 0, chlDay –6 to 0) −1.98, 0.02 0.50 0.002, 0.880 −0.15, −0.03 0.05 0.077, 0.082
NA = ƒ (DODay 0, chlDay –13 to –7) −0.26, 0.39 0.50 0.592, 0.002 −0.19, −0.03 0.06 0.029, 0.087
NA = ƒ (DODay -6 to 0, chlDay –13 to –7) −0.09, 0.46 0.59 0.843, 0.002 0.11, −0.01 0.02 0.314, 0.769
DO = ƒ (chlDay 0) −0.13 0.20 <0.001 −0.04 0.05 0.029
DO = ƒ (chlDay –6 to 0) −0.21 0.56 <0.001 −0.07 0.11 <0.001
DO = ƒ (chlDay –13 to –7) −0.22 0.57 <0.001 −0.10 0.21 <0.001
Table 1. Linear correlations of nitrogenase activity (NA) and bottom water dissolved oxygen (DO), of NA and surface water
chlorophyll (chl), and of DO and chl at various time scales. Although monitoring data is available for most days between 15
May and 15 September of both years, the data used in our model of DO vs. chl was limited to the 2 wk preceding the dates on 
which NA was measured
Bottom DO (mg l–1)
Bottom DO (mg l–1)








































































Fig. 4. Nitrogenase activity
(NA) in Narragansett Bay,
Rhode Island, on a given
day (defined as Day 0) in
(a) 2013 and (b) 2014 in re-
lation to the fixed site bot-
tom water dissolved oxy-
gen (DO) and surface water
chlorophyll averaged over
the previous 7 d (from Days 
−6 to 0)
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positively correlated with NA in 2013. The inclusion
of both DO and chlorophyll as predictors in the model
resulted in some improvement over the single-pre-
dictor models with DO dominating the relationship at
Day 0 and chlorophyll dominating at the longer time
scales. A challenge of this approach is that both DO
and chlorophyll are themselves correlated. This is
shown in the bottom section of Table 1 and confirms
the inverse relationship between surface chlorophyll
and bottom water DO. The model fits between NA,
DO and chlorophyll were not significant in 2014 com-
pared to 2013 with p-values ranging from 0.024−
0.769 and R2 not exceeding 0.06 (Table 1). Similar
analysis using quadratic regressions (as opposed to
linear) improved the fit of many relationships we
examined; however, a biological underpinning driv-
ing these improvements in fit is difficult to decipher.
3.3.  N fixation occurs in a background 
of high NH4+ levels
One of the main goals of this work was to explore
the influence of bottom water hypoxia on N2 fixation.
However, since NH4+ concentration may vary at the
different sites we studied, and NH4+ has been shown
to inhibit N2 fixation for some organisms (Daesch &
Mortenson 1972, Drozd et al. 1972, Klugkist & Haa -
ker 1984) including the Geobacteraceae (Holmes et
al. 2004, 2006) known to be active in Narragansett
Bay sediments (Brown & Jenkins 2014), we consid-
ered its potential effects on NA. The average pore
water concentrations of NH4+ were measured at sam-
pling sites in 2013 and in 2014 (Fig. 5, Table S1).
There were large variations in the concentrations of
pore water NH4+ at some sites (MV and SR; Table S1)
and between sites (QP compared to the other sites;
Table S1). Despite these variations in NH4+ concen-
trations, differences in NA were constrained to a nar-
row range of values across all sites (especially in
2014). At GC in 2013 when NA was high (~7 nmol
ethylene g−1 d−1), NH4+ concentrations averaged
392 µM (Fig. 5, Table S1). In 2014, sediment NH4+
levels at GC ranged between 157−419 µM (Table S1).
3.4.  Microcosm experiment shows organic matter
addition promotes NA
To test the impacts of organic matter and organic
N inputs on sediment NA, we conducted limited
laboratory microcosm experiments with sediment
cores collected from GC and QP. One of our aims
was to compare the impact of organic matter addi-
tions to mimic deposition from a phytoplankton
bloom that contains organic carbon and N (freeze-
dried phytoplankton) vs. deposition that is rich in
carbon and carbon that may be more refractory
(agar). Sediment was the recipient of an initial dose
of agar, dried phytoplankton biomass, or nothing
(control), and cores were incubated with overlying
water at room temperature (~22°C, similar to bottom
water bay temperature), and subjected to different
modulations of oxic/anoxic conditions. In the control
incubations, little change in NA was observed with
respect to core site or oxic/anoxic condition, and NA
values steadily ranged between 3−9 nmol ethylene














































Fig. 5. Average pore water ammonium concentrations in sediments of Bullock Reach (BR), Greenwich Cove (GC), Sally Rock
(SR), Mount View (MV), and Quonset Point (QP) in (a) 2013 and (b) 2014. Concentrations are of pore water extracted from 
sediment 0−2 cm deep in 2013 and 0−3 cm in 2014. Error bars: SD among replicate cores
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control incubations for at least 35 d (data not
shown). By comparison, agar addition caused large
increases in NA that varied with core collection date
and the timing of the oxic/anoxic condition. In gen-
eral, elevated NA was observed in agar-supple-
mented sediment that experienced several days of
oxic conditions followed by several days of anoxia.
For example, the NA of sediment collected at GC on
21 August 2014 increased significantly with the
addition of agar and exceeded 100 nmol ethylene
g−1 d−1 when the cores were maintained oxic for 3 d
after agar addition, followed by 1−3 d of anoxia
(Fig. 6a). While NA in all 4 sets of cores (both sites
on both collection dates) responded to the agar
addition (Fig. 6), NA in only those from QP collected
on 21 August 2014 responded to the phytoplankton
addition (Fig. 6c). In this case, a pe riod of 5 d of oxic
conditions appeared necessary be fore NA was stim-
ulated by 0−1 d of anoxia (Fig. 6c).
Overall, in these short incubations, a greater res -
ponse in NA was observed with the addition of agar
or phytoplankton to the sediments collected at both
sites on 21 August 2014 compared to 26 September
2014. We also observed that some of the QP cores
amended with agar and phytoplankton displayed NA
stimulation even before strict anoxia was initiated, a
phenomenon not seen with the GC cores. These ob -
servations perhaps resulted from differences in the
initial chemical and microbiological state of the sedi-
ment cores. Higher sulfide concentrations and higher
total carbon and N content have previously been
measured in the sediments of GC compared to QP
(Ehrlich 2014). Across sediment types and organic
matter addition, stimulation of NA was short-lived,
with 2 d of additional incubation under oxic condi-
tions past the point where NA was stimulated being
sufficient to reduce NA back to control levels. Addi-
tionally, at no point in time in any of the cores was
NA so low that it became undetectable.
4.  DISCUSSION
4.1.  Hypoxia stimulates N2 fixation in
Narragansett Bay
Our data demonstrate that the activity of diazo -





















































































































































Fig. 6. Nitrogenase activity (NA) of sediment samples incubated under varying oxic periods (1−7 d) followed by varying anoxic
periods (1−3 d). Experiments were conducted on cores collected on (a,c) 21 August 2014 and (b,d) 26 September 2014 from the
(a,b) Greenwich Cove (GC) and (c,d) Quonset Point (QP) sites. Note the logarithmic scale for NA. Three organic matter treat-
ments were considered: no addition (no OM), 0.25 g agar, and 0.25 g spray-dried phytoplankton (phyto)
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mer broadly falls into 2 categories. During periods
when bottom water DO ranges from approximately
2−9 mg l−1, NA remains fairly stable with baseline
rates between 2−5 nmol ethylene g−1 d−1. During
periods of severe hypoxia when DO is much less than
2 mg l−1 and surface chlorophyll is elevated over the
preceding days or weeks, NA can increase signifi-
cantly compared to baseline levels. The highest
measured NA under these conditions approached
16 nmol ethylene g−1 d−1.
The fact that severe hypoxia stimulates diazo -
trophy is not unexpected. At many sites throughout
Narragansett Bay, including those we have sampled
in this study, molecular analysis of expressed nifH
genes (encoding a nitrogenase subunit) has shown
that the active diazotrophs are predominantly anaer-
obes belonging to the Desulfovibrionaceae and Geo -
bacteraceae (Fulweiler et al. 2013, Brown & Jenkins
2014). Oxygen penetration in estuarine sediments is
generally low (Revsbech et al. 1980) and DO in the
sediments of Narragansett Bay is essentially absent
at depths greater than 1.5 mm at all times during the
summer (Ehrlich 2014). However, the establishment
of hypoxic conditions in the bottom waters shoals the
depth of oxygen penetration and in cases of very
severe hypoxia (bottom water DO <<2 mg l−1 for sev-
eral days), we would expect the sediments to become
completely anoxic. Given that shallow sediments are
rich in freshly deposited organic matter, the exten-
sion of anoxic conditions into shallow horizons of the
sediment would expand the range over which anaer-
obes can thrive and offer anaerobic diazo trophs a
range of nutrients that may otherwise limit their
growth and activity.
There are few studies on the impact of oxygen on
rates of N fixation in anaerobic diazotrophs, but it is
known that anaerobes related to the active dia-
zotrophs in Narragansett Bay (Desulfovibrio spp. and
Geobacter spp.; Brown & Jenkins 2014) can tolerate
prolonged O2 exposure. Desulfovibrio desulfricans
can withstand O2 exposure for at least 48 h, but
remains metabolically inactive (Abdollahi & Wim-
penny 1990, Kjeldsen et al. 2005). D. gigas engages
protective mechanisms against O2 exposure. They
can reduce O2 to water and produce ATP (Fareleira
et al. 1997, Dos Santos et al. 2000) and produce pro-
tective proteins against redox damage during this
process (Santos et al. 1993). Geobacter sulferre-
ducens, long classified as a strict anaerobe, can also
tolerate O2 exposure for at least 24 h and can actually
grow with O2 as the sole electron acceptor in partial
O2 (<10%; Lin et al. 2004). Thus, anaerobic diazo -
trophs in estuarine sediments could subsist at redox
boundaries and increase growth and concomitant N
fixation upon expansion of an anaerobic horizon in
response to hypoxia. Both Desulfovibrio (Abdollahi &
Wimpenny 1990, Fareleira et al. 1997) and Geobacter
(Lin et al. 2004) achieve much higher growth in
anaerobic conditions, therefore it is anticipated that
their contribution to N fixation in sediment systems is
greatly enhanced in expanded low oxygen zones. It
is also possible that these organisms fix N2 when
exposed to O2, albeit at low rates, as mechanisms
used for cellular protection against O2 exposure
could also protect their nitrogenase enzyme from O2
inactivation.
4.2.  N fixation occurs in a background of 
high pore water NH4+
A confounding issue remains in that the deposition
of organic matter to benthic sediments results in both
carbon and N remineralization processes (Kelly &
Nixon 1984) that might influence diazotrophy in op -
posite ways. On one hand, carbon substrates could
be generated that serve as suitable forms of carbon
and electron donors to the diazotrophs. On the other
hand, NH4+ is released, which would presumably sat-
isfy bacterial requirements for nitrogen and repress
diazotrophy. Some studies have shown inhibition of
N2 fixation by NH4+, while others have reported
active N2 fixation in sediments containing consider-
able amounts (Haines et al. 1981, O’Neil & Capone
1989, Tibbles et al. 1994, Welsh et al. 1996, Bertics et
al. 2010, 2013). The work presented here provides
additional evidence that NA is detectable in estuar-
ine sediments with significant concentrations of pore
water NH4+. This contradiction might be resolved by
noting that our measurements are of bulk pore water
NH4+ concentrations covering a span of surface sedi-
ment depths (1−3 cm). As others have suggested
(Bertics et al. 2010, Fan et al. 2015), actual concentra-
tions could vary significantly over small scales such
that microniches may exist where dissolved N con-
centrations are actually very low. The ability of sul-
fate reducers, a dominant group of diazotrophs and
strict anaerobes in these systems, to subsist in re -
duced microniches of oxidized marine sediments has
previously been documented (Jørgensen 1977). Since
we have documented abundances of diazo trophic
sulfate reducers in Narragansett Bay surface sedi-
ments (Fulweiler et al. 2013, Brown & Jenkins 2014),
but not at microscales, it is conceivable that they may
exhibit fine-scale (mm) zonal distribution in micro -
niches with low NH4+ concentrations.
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4.3.  Diazotrophy in Narragansett Bay 
is carbon limited
Another factor controlling diazotrophy in Narra-
gansett Bay sediments is the abundance of suitable
carbon and electron donors. Indeed, the highest level
of NA from field measurements was observed in an
area that had experienced an algal bloom in previous
weeks. The stimulation of benthic N2 fixation with
the addition of simple (Herbert 1975, Seitzinger &
Garber 1987, O’Neil & Capone 1989) as well as com-
plex organic substrates has previously been noted
(Tibbles et al. 1994). Heterotrophic N2 fixation in
Zostera sea grass beds has been linked to carbon
substrate released by the sea grass in the rhizosphere
(Welsh et al. 1996). Furthermore, NA increased sig-
nificantly in our small core incubations with the addi-
tion of agar and dried phytoplankton. Our work
shows that heterotrophic N fixation in the sediments
of Narragansett Bay, as in these other systems, is car-
bon limited.
In addition to organic matter composition, the
amounts of organic matter reaching the benthos could
also be important as a stimulant for N fixation. Our
core additions of 0.25 g of organic matter, equivalent
to approximately 65 g m−2, are apparently high re -
lative to the naturally occurring amounts of algal
organic matter expected to reach the sediments in
upper Narragansett Bay or Greenwich Bay following
a typical bloom. However, the added organic matter
completely dissolved in the core’s overlying water
was equivalent to less than 100 mM of carbon and
only a small fraction of it was expected to be avail-
able and metabolized by diazotrophs. Considering
that heterotrophic diazotrophs are commonly grown
in pure culture in >10 mM of carbon substrate, we
aimed for experimental concentrations that would be
high enough to show a significant effect if one was to
be observed. Interestingly, agar stimulated N fixation
more than the phytoplankton addition. This may be
due to the fact that combined N in the freeze-dried
phytoplankton could repress N fixation, while the
carbon it contains has a stimulatory impact with a
resultant NA rate that is a balance of repression and
stimulation. The agar lacks N and more directly tests
the addition of a specific carbon source. Additionally,
the carbon from the agar addition may be selecting
for activity of specific groups of diazotrophs that re -
spond to this specific carbon source. Several strains
of agar degrading heterotrophic diazotrophs in the
Vibrionaceae have been isolated from eel grass bed
sediments and shown to reach high rates of N fixa-
tion using agar as the sole carbon source (Yang Shieh
et al. 1988). It is possible that agar addition specifi-
cally stimulates particular groups of diazotrophs. The
range of NA activities between plankton vs. agar
treatments as well as those achieved in different
durations of oxic and anoxic conditions (Fig. 6) raises
important questions about the dynamics of organic
matter transport, microbial metabolism in the ben-
thos, and possible effects on heterotrophic diazo -
trophy in estuarine systems. Results from our experi-
ments and previous work adding organic matter to
Narragansett Bay sediments (Fulweiler et al. 2008)
shows that stimulation of NA from organic inputs can
be very short lived. Our microcosms experiments fur-
ther suggest that transitions between oxic and anoxic
conditions could affect NA, perhaps by activating or
selecting for different microbial communities that
modulate the mechanisms of organic matter break-
down when it reaches the benthos.
Our current hypothesis (Fig. 7) is that the anaero-
bic diazotrophs in Narragansett Bay sediments are
minimally active under most conditions, and active
perhaps in N limited microniches, but they can be
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Fig. 7. Hypothetical linkages between surface primary production, water column dissolved oxygen (DO), and several major
microbiological processes contributing to (a) low-intensity baseline diazotrophy or (b) enhanced diazotrophy in the estuarine 
sediments of Narragansett Bay. OM: organic matter; C: carbon
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dized carbon substrates originating from the water
column above. The extent of this stimulation is also
dependent on redox conditions in the sediment. De -
viations from baseline rates of N2 fixation might
occur rapidly with changes in prevailing environ-
mental conditions leading to changes in carbon sub-
strate availability. The cascade of organic matter
decomposition leading to these substrates is influ-
enced by the DO of the water column and the ben-
thos as organic matter primarily of algal origin moves
from the surface down to the sediment. When DO is
high in the water column and the benthos (Fig. 7a),
organic matter originating at the surface is predomi-
nantly decomposed by heterotrophic aerobes, which
leaves less labile carbon substrate for diazotrophs in
the benthos. However, when hypoxia is severe
(Fig. 7b), organic matter is only partially mineralized
by aerobes before bacteria performing anaerobic
respiration and fermentation further decompose it.
These latter forms of metabolism would produce the
types of simple organic compounds upon which
anaerobic diazotrophs are known to grow. Sulfate-
reducing bacteria are commonly grown on lactate,
which is a common product of fermentation (Voor-
douw 1995). Likewise, members of the Geobacter-
aceae are often grown on acetate, ethanol, or other
simple carbon substrates such as butanediol and ace-
toin (Schink 1992).
Although speculative at this time, dynamics of or -
ganic matter decomposition could also affect whe -
ther or not N present in algal organic matter sup-
presses N2 fixation. Although phytoplankton biomass
may possess a C:N ratio that would seem to exclude
N fixation, selective decomposition of this organic
matter could in fact produce pools of substrates with
high C:N ratios. As an example, if algal biomass frac-
tions with a high C:N ratio (polysaccharides, lipids)
were preferentially degraded over N-rich fractions
(proteins, nucleic acids), we would expect a release
of carbon-rich metabolites with high C:N ratios that
could stimulate anaerobic diazotrophs. In addition,
little, if anything, is known regarding how the dy -
namics of decomposition are affected when bottom
water DO approaches anoxic levels.
4.4.  Predicting frequency of elevated sedimentary
N2 fixation in Narragansett Bay
While we now have a strong baseline value of NA
across several sites in Narragansett Bay, the impact
of enhanced NA that may occur during severe
hypoxia is much less constrained. The data presented
in Figs. 3 & 4 demonstrates that the conditions in
Greenwich Bay under which NA was stimulated in
July 2013 (DO < 2 mg l−1, chl > 16 µg l−1) almost never
occur at some locations (MV, QP), and occur with
more frequency at others (SR, BR). Using 2009−2014
NBFSMN data, we have determined the frequency
over those 6 yr with which a given day (defined as
Day 0) was a day when the surface chlorophyll and
bottom water DO averaged over the previous 7 d
(from Day −6 to 0) met varying conditions of severity
for high chlorophyll concentrations and low DO con-
centrations (Fig. 8). The most frequent occurrence of
DO < 2 mg l−1 and chl > 16 µg l−1 was at SR and
reached 33% at most (i.e. 2 of the 6 years analyzed)
for a very brief period in July. The BR site had the
same conditions (DO < 2 mg l−1 and chl > 16 µg l−1)
only 17−20% of the time. Based on this time-series
analysis, we would conclude that enhanced NA is
rare in most years.
4.5.  Comparison of Narragansett Bay sediment N2
fixation rates to those in other benthic systems
A number of assumptions are necessary in order to
compare our NA rate measurements to others (Mar -
sho et al. 1975, Haines et al. 1981, Seitzinger & Gar-
ber 1987, Howarth et al. 1988, Gardner et al. 2006,
Fulweiler et al. 2007, Bertics et al. 2010, Andersson et
al. 2014, Fan et al. 2015). Assuming that N2 fixation is
active down to a depth of 5 cm, a wet sediment den-
sity of 1.2 g ml−1 and a ratio of 1:3 relating N2 fixation
to acetylene reduction, we observe that our rate
measurements ranging from 0.81−17 nmol C2H4 g−1
d−1 correspond to 0.17−3.5 g m−2 yr−1. These rates are
comparable to those reported for similar environ-
ments (Table 2), but are much lower than the peak
rates measured by Fulweiler et al. (2007). As noted
earlier, hypoxia was widespread in Narragansett Bay
in 2006 (Codiga et al. 2009), with bottom water DO
reaching lower minima and hypoxic conditions
spreading farther south than in 2013. The year 2006
was also marked by heavy precipitation in June, sim-
ilar to 2013. Several efforts to reduce the impact of
wastewater discharges in Narragansett Bay have
also been completed since 2006. A biological treat-
ment upgrade to reduce N in the effluent of the
largest wastewater treatment facility in the Bay
water shed was finished in 2013 and 2 phases of an
improvement project to reduce combined sewer
over flows (CSO) were completed in 2008 and 2014.
Although the primary goal of the CSO project was a
reduction of fecal coliform contamination, some re -
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Study Locations Method Rates reported Adjusted rates
(g N m−2 yr−1)
Andersson et al. (2014) Swedish west coast ARA 0.03−3.4 mmol N m−2 d−1 0.15−17.37
Bertics et al. (2010) Catalina Harbor ARA 0−5 nmol C2H4 cm−3 h−1 0−20.44
Bertics et al. (2013) Baltic Sea ARA 8−18 nmol N cm−2 d−1 0.41−0.92
Fan et al. (2015) Southern North Sea Isotopic 0−8.1 nmol N g−1 d−1 0−2.48
Fulweiler et al. (2007) Narragansett Bay N2/Ar Net fixation rates: 3.07−79.72
25−650 µmol N m−2 h−1
Gardner et al. (2006) Texas estuaries Isotopic 0−97 µmol N m−2 h−1 0−11.9
Haines et al. (1981) Alaskan coast ARA 0−1.4 ng N g−1 h−1 0−0.74
Howarth et al. (1988) Worldwide coastal seas ARA 0.002−1.56 g N m−2 yr−1 0.002−1.56
(and references therein) and estuaries
Marsho et al. (1975) Rhode River estuary ARA Subtidal measured at 20°C: 0.48−1.49
(Chesapeake Bay) 2.2−6.8 ng N g dry wt−1 h−1
Seitzinger & Garber (1987) Narragansett Bay ARA 44−108 pmol C2H4 g−1 h−1 0.21−0.53
Present study Narragansett Bay ARA 0.81−17 nmol C2H4 g−1 d−1 0.17−3.5
(baseline = 2.9 ± 1.4) (0.58 ± 0.29)
Table 2. N2 fixation rates reported for estuarine/coastal sediments. For adjusted rates assumptions were made when necessary
using a 3:1 ratio to covert acetylene reduction assay (ARA) rates to N2 fixation rates, a wet sediment density of 1.2 mg l−1, and 
active N2 fixation to a depth of 5 cm
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Fig. 8. Frequency of events from 2006−2014 in which the surface chlorophyll and bottom water dissolved oxygen (DO) aver-
aged over the previous 7 d met varying criteria for high chlorophyll and low DO concentrations on a given day at (a) Bullock
Reach (BR), (b) Sally Rock (SR), (c) Mount View (MV), and (d) Quonset Point (QP). Data include all available at the given sites
from 1 June−15 September (2009−2014). The second y-axis (n) denotes the number of years between 2009 and 2014 for which 
data were available
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ductions in nutrient loading have taken place as well.
The treatment upgrades on the wastewater treat-
ment plants alone have reduced concentrations of
inorganic nitrogen bay-wide by close to 50% and
caused a decrease in overall surface production
(30%), improvements in water clarity, and a signifi-
cant reduction in summer hypoxia in some areas of
the upper bay, including the Providence River estu-
ary but not Greenwich Bay (Oviatt et al. 2017). These
changes in nutrient discharge to Narragansett Bay
are sure to affect water column and benthic nutrient
cycling in the years of this study and in future years,
proving a challenge for making direct comparisons of
studies before 2008 and after 2014. Even so, net N
flux measurements from Narragansett Bay sediments
made since 2006 have shown net N loss on most
years and only a few instances of modest net N2 fixa-
tion (Fulweiler & Heiss 2014). This suggests that the
sediments of Narragansett Bay today are still more
likely to behave as net N sinks, which is in agree-
ment with our findings of relatively low rates of N2
fixation during the summers of 2013 and 2014.
5.  CONCLUSIONS
Rates of N2 fixation estimated using ARA for Narra-
gansett Bay sediments overlain with oxygenated
waters during the summer months averaged 2.9 ±
1.4 nmol ethylene g−1 d−1 in 2013 and 2014. At these
rates, N2 fixation is not believed to contribute signifi-
cantly to the mass balance of nitrogen in Narragan -
sett Bay, and its sediments would be expected to
behave as net N sinks. Spikes in N2 fixation may
occur, however, during infrequent periods of severe
hypoxia in conjunction with elevated surface water
chlorophyll concentrations in the preceding weeks.
Factors likely to control N fixation include bottom
water DO concentrations, influx of primary produc-
tion biomass to the benthos, quality of this biomass,
and the dynamics of organic matter decomposition.
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